Introduction {#s1}
============

Autism spectrum disorders (ASDs) are characterised by difficulties in social and communicative functioning, imagination skill deficits and the presence of repetitive and stereotyped patterns of behaviour [@pone.0041326-World1]. One area of proposed difficulty for individuals with an ASD relates to the recognition of emotions from facial expressions [@pone.0041326-Weeks1]. Reviews of this area show very mixed findings [@pone.0041326-Dawson1], [@pone.0041326-Harms1]. Whilst intact emotion recognition abilities in ASD have been observed in some studies [@pone.0041326-Jemel1]including identification of complex emotional expressions such as pride and shame [@pone.0041326-Tracy1] many other behavioural studies have reported that children and young people with ASDs are less accurate and take longer than matched controls to identify basic emotions such as happiness and sadness [@pone.0041326-Gross1]--[@pone.0041326-Rump1]. Other studies have reported difficulties with recognising specific emotions, such as fear or anger [@pone.0041326-Ashwin1]--[@pone.0041326-Wright1] alongside intact recognition of other basic expressions.

Problems with recognising emotions may result from underlying differences in how information from faces is processed by people with autism spectrum disorders. Neuroimaging studies of ASD face processing have largely utilised functional magnetic resonance imaging (fMRI) techniques to explore this [@pone.0041326-Golarai1], [@pone.0041326-Harms1]. Studies using fMRI have observed hypoactivation in the fusiform gyrus and amygdala in ASD individuals when viewing faces [@pone.0041326-Critchley1]--[@pone.0041326-Schultz1], although not always [@pone.0041326-Hadjikhani1]--[@pone.0041326-Pierce1], alongside recruitment of non-face areas, including the precuneus, anterior cingulate and cerebellum [@pone.0041326-Pierce2]. In addition, studies examining functional connectivity have documented reduced synchrony between brain areas during face processing in ASD [@pone.0041326-Kleinhans1]--[@pone.0041326-Monk1].

These findings (hypoactivation, recruitment of additional cortical regions, and reduced connectivity) may reflect different higher-cognitive processes being applied to relatively intact perceptual information from primary visual areas. That is, faces may be perceived in a typical fashion by people with autism, but not seen as objects that have a particular significance for further social cognitive processing [@pone.0041326-Scherf1], leading to differences in which brain areas are activated. Alternatively, the patterns of network activation seen in previous fMRI studies could result from differences at very early stages of visual processing.

The temporal precision of electrophysiological techniques speaks to this issue by showing the time course of the response to faces in autism [@pone.0041326-Dawson1]. Studies using electroencephalography (EEG) and magnetoencephalography (MEG) have supported the idea that very early visual processing of faces may be abnormal [@pone.0041326-Bailey1]--[@pone.0041326-Wong1]. In a study using ERP (event-related potential) and dipole analysis, Wong and colleagues [@pone.0041326-Wong1] observed typical P1, N170 and P2 responses in children with ASD when viewing faces, but dipole analysis revealed slower and weaker responses in the cuneus, fusiform gyrus and medial frontal gyrus. Magnetoencephalography research using dipole analysis in adults with ASD [@pone.0041326-Bailey1] has reported irregular responses to faces but not objects in participants 30--60 ms after stimulus presentation, alongside irregular lateralisation of the face-specific response. The N170 response to faces often seen in typically-developing individuals [@pone.0041326-Bentin1] has also been observed to be delayed in ASD adults and adolescents [@pone.0041326-McPartland1], [@pone.0041326-OConnor1] and weaker in equivalent MEG responses in ASD children [@pone.0041326-Kylliainen1].

A technique that has the potential to add much to this area is spatial filtering, or "beamforming", in MEG. Spatial filtering techniques allow for estimation of the time course of neural activity at specified cortical locations [@pone.0041326-VanVeen1]--[@pone.0041326-Huang1] and have recently been use to localise and reconstruct responses to a wide range of sensory and cognitive systems [@pone.0041326-Lee1]--[@pone.0041326-Honaga1]. Such analyses allow for the examination of early temporal responses to faces, as in previous EEG/MEG research, but also specific localisation of that response to cortical areas identified from fMRI work. The only MEG studies to have looked at face processing in ASD previously [@pone.0041326-Bailey1], [@pone.0041326-VanVeen1] did not use spatial filtering approaches such as beamforming to examine emotion recognition.

A further advantage of beamforming in MEG is its ability to extract detailed information on the phase and frequency of neural responses. Abnormalities in the gamma range (30--80 Hz) in particular have been observed in a range of sensory processing studies on autism. In an EEG study of adults with ASD, Grice and colleagues [@pone.0041326-Grice1] found a typical increase in gamma oscillations to face stimuli, but no modulation of the gamma response compared to controls when the faces were inverted. Other studies have also reported irregular gamma responses [@pone.0041326-Orekhova1] including irregular gamma modulation in responses to auditory stimuli for both children [@pone.0041326-Wilson1] and adults with autism [@pone.0041326-Rojas1].

A range of theories have arisen about the role of abnormal gamma activity in ASD. Central among these are its proposed role in related areas of visual feature binding [@pone.0041326-TallonBaudry1], [@pone.0041326-Varela1] gestalt perception [@pone.0041326-Kaiser1] and functional connectivity in autism [@pone.0041326-Brock1]. Gamma activity in response to a stimulus can be separated into "evoked" or phase-locked activity and "induced" or non phase-locked activity; components that are thought to reflect differing underlying neural processes [@pone.0041326-TallonBaudry1], [@pone.0041326-Pulvermuller1]. Activation of induced activity in particular is thought to be necessary in sensory feature binding, facilitating the combination of separate visual components into a coherent whole [@pone.0041326-TallonBaudry1]. Accordingly, it has been suggested that disruptions in gamma production may underlie the observations of "weak central coherence" or local processing bias in ASD [@pone.0041326-Brown1], where individual features are processed in preference to or at the expense of more global and holistic forms of processing [@pone.0041326-Happe1], [@pone.0041326-Mottron1]. Importantly, this could also apply to faces. Faces are complex visual objects that require the perception not only of individual features, but also the combination of those features into a coherent whole. It could be that abnormalities in induced gamma functioning underlie disruptions in the way faces are processed in ASD at a very basic level.

Few studies to date have examined the separate evoked and induced gamma responses of individuals with ASD. In Grice et al [@pone.0041326-Grice1], participants with autism differed in their later, induced gamma responses to faces, but not their earlier, evoked responses to the same stimuli. In an EEG study run with children with autism, Brown et al [@pone.0041326-Brown1] reported abnormal induced gamma responses to Kanizsa stimuli (i.e. geometric shapes that require visual binding), but specific data on the evoked response were not reported. In contrast, a similar EEG study by Stroganova et al [@pone.0041326-Stroganova1] observed reduced evoked responses to Kanisza stimuli in a group of children with ASD, but they did not present results for induced gamma responses. Studies on auditory gamma responses have more consistently reported reductions in evoked activity and phase-locking across trials in ASD individuals [@pone.0041326-Wilson1], [@pone.0041326-Rojas1], [@pone.0041326-Rojas2], [@pone.0041326-Gandal1], although in some cases this has been observed alongside abnormally increased levels of induced activity [@pone.0041326-Rojas1].

As such, abnormalities in induced gamma activity provide a theoretical basis for problems with face processing in autism, but the exact nature of induced vs evoked gamma responses in autism is still a matter of considerable debate. We wished to explore this issue in a group children and young people with autism spectrum disorders, piloting the use of beamforming in MEG to examine the space, time and frequency response of brain activation when people with ASD are viewing emotions on faces. If gamma abnormalities underlie face processing differences in autism, then other frequency responses to faces, such as those in lower frequencies (e.g. below 30 Hz) should be relatively intact. Furthermore, if they lead to irregular timing and utilisation of face networks, then gamma abnormalities should be present very early in the neural response, and in the primary visual cortical areas. Finally, if visual binding is associated with induced gamma responses, and binding is a problem in ASD face processing, then any gamma abnormalities observed should be specific to the induced response. We predicted that evoked responses, in contrast, would be relatively intact in ASD participants.

Methods {#s2}
=======

The study was approved by the York ethics committee (REC reference number: 05/Q1108/61) and by the York Alliance Research and Development Committee (reference: NYY-PO529). Ethics approval was also granted by the York Neuroimaging Centre Ethics Committee. All participants gave written informed consent before taking part in the study. Parents consented on behalf of any minor and this was full written consent.

Participants {#s2a}
------------

13 participants (10 male) with an autism spectrum disorder (ASD) and 13 typically developing controls (TD) aged 9--18 were recruited from local schools (ASD*~M~* = 181.77 months; TD*~M~* = 188.58 months). All ASD participants had a diagnosis of either high functioning autism or Asperger Syndrome in accordance with ICD-10 Research Diagnostic Criteria [@pone.0041326-World1] and were diagnosed through a multidisciplinary panel that considers all ASD assessments in the local child and adolescent mental health service. The Autism Diagnostic Interview -- Revised [@pone.0041326-Lord1] and Autism Diagnostic Observation Schedule -- Generic [@pone.0041326-Lord2] are part of the assessment protocol. Families of all participants also completed the Autism Spectrum Quotient -- Adolescent Version [@pone.0041326-BaronCohen1]. This verified diagnoses with the ASD group scoring significantly higher on the AQ (AS *M* (*SD)* = 38.62 (6.16); TD *M* (*SD*) = 12.33 (6.47) t = 10.405, *df* = 23, *p*\<.001). There was no overlap in scores between the two groups.

Exclusion criteria included the presence of any other neurological or developmental conditions which may affect cognitive processing, e.g. Tourette's syndrome or, Fragile-X syndrome.

Eleven participants (7 ASD, 4 TD) were recruited on the basis of participation in a previous behavioural study [@pone.0041326-Wright1]. The remaining participants were recruited through contact with local clinical services and Local Authority groups.

Matching {#s2b}
--------

ASD and TD participants were matched individually on gender, age (+/− 12 months) and full-scale IQ (+/− 10 points). Full-scale IQ estimates were derived using the Wechsler Abbreviated Scale of Intelligence [@pone.0041326-Wechsler1]. All participants completed the WASI in a session with a trained researcher prior to scanning. Although participants were not explicitly matched for handedness, the two groups were very similar (ASD: 11 R, 1 L, 1 ambidextrous; TD: 11 R, 2 L; based on parent reports).

Behavioural Measures {#s2c}
--------------------

Prior to scanning, participants completed a basic emotion recognition task using 60 faces from the Ekman-60 Faces stimuli set [@pone.0041326-Ekman1] specifically those displaying expressions of surprise, happiness, sadness, fear, anger and disgust from FEEST (the Facial Expressions of Emotions Stimuli and Tests) [@pone.0041326-Young1]. 10 models displaying six emotions each were selected, and every face was shown twice. These were displayed at random for 120 consecutive presentations. Participants were asked to identify the expression on each face via a numbered button press (e.g. 1 = surprise, 2 = happiness *etc*.). Accuracy scores and response times were recorded. Response time outliers over two standard deviations from the group mean were trimmed from the data set and all data were normalised using a log10 transform to address negative skew. The behavioural task was conducted prior to MEG recording to avoid noise from motor responses during scanning.

In addition to the faces task, participants' AQ scores were used to assess how any neurophysiological differences between groups related to ASD behaviour.

MEG Task {#s2d}
--------

### MEG recording {#s2d1}

All scanning took place at York Neuroimaging Centre using a 4D Neuroimaging Magnes 3600 Whole Head 248 Channel magnetometer scanner. Head-shape was recorded using the Polhemus Fastrak system. Head-shape digitisation was conducted prior to scanning and checked pre- and post-acquisition to check coil location and head position. MEG data were acquired at a sampling frequency of 678.17 Hz using a high-pass filter of 3 Hz and a low-pass anti-aliasing filter of 200 Hz. Reference channels were used to linearly remove electromagnetic interference from outside the scanner [@pone.0041326-Johnson1] and, post-acquisition, data were DC offset to ensure a zero mean signal on all sensors. Epochs containing visible physiological artefacts (eye-blinks, body movement *etc*.) were manually removed prior to analysis.

### Materials & procedure {#s2d2}

Participants were placed in an upright and seated position for all MEG data acquisition. Following head-shape digitisation, participants were given 2--3 minutes to relax and acclimatise to the scanner. Testing stimuli were presented by projection onto a screen positioned approximately 1 metre away from the participant. The images subtended a visual angle of 16×10 degrees (h×w).

Participants began the session by viewing a short set of practice images, depicting the same faces from the Ekman set as those seen in the behavioural task [@pone.0041326-Ekman1]. Participants were asked to view the faces and think about each emotion as they viewed it. A passive viewing paradigm was chosen in order to minimise potential noise from muscle movements in response or decision-making. Following the practice phase, whole-head MEG data were acquired while participants viewed a randomised set of 600 face images (60 face images presented 10 times each). Each face image was presented for 1000 ms, followed by a fixation cross for another 1000 ms. This created an overall testing epoch of 2000 ms which contained "active" and "passive" viewing windows. Image presentation was broken up into 5 blocks of 60 epochs, with 10 seconds break periods in between. Participants were videoed during scanning to ensure that they were awake at all times and attending to the faces. No quantitative information was derived from this data, but a researcher monitored the live video feed during scanning and recommended a rescan should any participant clearly stop attending to the stimuli.

MRI Recording and Co-registration {#s2e}
---------------------------------

Structural data were acquired using a GE 3.0T Signa Excite HDx MRI scanner. A T1 structural image was acquired for each participant using a 3D FSPGR (Sagittal Isotropic 3D Fast Spoiled Gradient Recall Echo - structural T1 weighted scan). The following acquisition parameters were used: Matrix size: 256×256×176, FOV: 290×290×176, Slice thickness: 1.13×1.13×1.0 mm, TR 8.03, TE 3.07, Flip angle 20′′, PSD: efgre3d. MEG and head-shape data were then co-registered to each individual's MRI structural data to create a whole-head brain map for each participant. Co-registration was based on a method developed by Kozinska et al, [@pone.0041326-Kozinska1]. The Montreal Neurological Institute (MNI) standard brain was then used for source localisation in each group. Coregistrations were individually checked prior to beamforming analysis and for each virtual electrode placement. To perform the beamforming analysis, an isotropic grid (5 mm spacing) was placed in the standard brain. This grid was then warped into the brain of each individual using their specific linear transform which describes the relationship between their T1 image and the standard brain. This process ensures that the analysis in each participant has the same number of grid points and each of these locations is in a comparable region across individuals.

MEG Analysis {#s2f}
------------

### Beamforming {#s2f1}

Beamforming is a spatial filtering approach that uses a weighted sum of the sensor data in order to generate an estimate of the neural time-course of activity. Typically this analysis takes place at many thousands of locations throughout the head. A power estimate is computed for both an "active" and "passive" period of activity (i.e. during stimulus presentation and rest) and a t-test can be applied to these power estimates to reveal regions of the volume in which a stimulus-related change in power was seen [@pone.0041326-Robinson1].

A minimum variance beamformer was used to calculate neural activity across a 5 mm isotropic grid [@pone.0041326-VanVeen1], [@pone.0041326-Huang1]. Details of the exact implementation can be found in Hymers et al [@pone.0041326-Hymers1]. Power estimates for active and passive windows were compared using t-tests to indicate regions which significantly changed [@pone.0041326-Vrba1]. Group images were derived by converting t-scores to z-scores for each voxel in each individual. A one-sample t-statistic was then used to identify volumetric locations which showed consistent stimulus-related power changes across all individuals in conjunction with non-parametric permutation thresholding [@pone.0041326-Singh1]. The power of using non-parametric permutation testing is that no assumptions are made regarding the underlying statistical distribution and the data are used to empirically characterise the null hypothesis [@pone.0041326-Prendergast1]. Maximum statistics were used to account for the multiple comparisons problem [@pone.0041326-Nichols1]. This exact method of beamformer analysis has been described in greater detail in a recent study on face processing in neurotypical adults [@pone.0041326-Lee1].

Beamforming was conducted across frequency ranges to examine responses in the gamma band (30--80 Hz) and compare them with a "control" lower band (3--30 Hz). The passive epoch window was defined as −300 ms to −100 ms pre-stimulus onset. The screen showed a fixation cross over this time course. This was compared to three 200 ms-long active viewing windows of 50--250 ms, 250--450 ms and 450--650 ms post-stimulus (responses after 650 ms were too diffuse to analyse). Three 200 ms windows were chosen to show the progression of neural activity changes following stimulus onset; windows shorter than 200 ms were not selected as they reduce the possibility of showing low frequency changes (\<10 Hz) in oscillatory activity.

### Virtual electrodes {#s2f2}

The spatial filter reconstruction is typically reduced to a single number to quantify the response at many thousands of points within the volume. Once this volumetric analysis has identified regions which respond to the stimulus, the same spatial filter can be used to reconstruct the time series of electrical activity at specific points in the head. These reconstructions can also be termed virtual electrodes (VEs). At the location of interest the spatial filter is constructed in the same way as when the volumetric analysis is performed using the LCMV beamformer. As only one point is now being considered it is unnecessary to reduce the dynamic signal to a single value, and so the entire trace can be recovered. A VE is therefore a weighted-sum of the sensor data that estimates the time-course of electrical activity via a spatial filter.

VEs were placed in three ways. First, a VE was placed based on the maxima derived from a between-groups whole-head beamforming analysis; that is, the peak area of difference between ASD and TD participants when viewing the stimuli. Second, to provide more information on the response within each group, a VE was placed based on the mean position of significant maxima identified in the whole-head beamforming. Finally, a VE was placed in the right fusiform gyrus (MNI mm = 32, −57, −3) due to its putative role in face processing [@pone.0041326-Kanwisher1]. The placement of this VE in MNI space was based on the findings of previous research on face processing in ASD individuals [@pone.0041326-Ashwin2], [@pone.0041326-Dalton1]. Virtual electrodes were placed for each individual by transforming the standardised MNI co-ordinate into the co-ordinate space of each individual using the same linear transform that was used when warping the isotropic grid.

Time frequency plots were then used to compare power differences in active and passive windows for each virtual electrode. The reconstruction estimates the neural time-course at each location for each epoch. These epochs can be averaged in time and then a time-frequency analysis performed to focus on phase-locked, evoked activity. A time-frequency analysis can also be performed on each epoch, and this estimate of power can be averaged to provide an analysis of non-phase-locked, induced information.

A Stockwell transform was used to generate time-frequency estimates [@pone.0041326-Stockwell1] and non-parametric permutation statistics were used to derive threshold estimates for the time frequency space [@pone.0041326-Wheat1]. This involves treating the time-frequency bins independently and employing a similar permutation scheme to the one-sampled t-test carried out at the group level when considering the whole volume. The first-level statistics are computed by performing a t-test between the 200 ms active and passive windows in each individual. This produces a t-value at each time-frequency location for each individual. The observed t-statistic is computed across these t-maps for each time-frequency location using a one-sampled t-test. Subsequently, over a series of permutations, a random number of participants have the t-values in their first level t-maps inverted in polarity. At locations where there is little genuine response this will have little effect and the permuted value will be similar to the observed value. Where a genuine effect exists there will be a clear difference between the permuted and observed t-value. Maximum statistics are again used to correct for multiple comparisons.

The use of active vs passive contrasts within individual participants lends itself to within-groups analysis; that is, separate, detailed analyses of the neural response in ASD and TD participants, which can then be compared visually. For a recent example of this in EEG, see [@pone.0041326-Rojas2]. However, between-groups contrasts can provide more immediate information on the main differences between ASD and TD participants. To accommodate both, the first beamforming analysis presented here contrasted ASD and TD participants by statistically comparing pairs of time-windows for each group (e.g. ASD-Active vs TD-Active, 50 ms to 250 ms; ASD-Passive vs TD-Passive; 300 permutations per t-test). This produced t-maps for each time window, indicating voxels that statistically differed in their level of power between-groups. Then, to show the significant voxels that could be considered "event-related", the t-map for passive differences (representing a baseline) was subtracted from a t-map of active differences. As this involved the combination of two different statistical contrasts (active vs active and passive vs passive), a conservative threshold of p\<.001 was chosen for indication of significant voxels. The cut-off t-value for this level of significance was based on whichever of the two tests required a *higher* value to achieve p\<.001.

Beamforming and virtual electrode analysis was conducted first across all six emotions combined, Following this, beamforming data was analysed for each specific emotion. Virtual electrode analysis for specific emotions was not conducted due to the reduced signal-to-noise ratio involved in analysing each emotion separately. (Whereas the combined VE analysis was conducted on all 300 epochs, specific emotions could only provide a maximum of 50 epochs each).

Results {#s3}
=======

The scanning data for one control participant could not be used due to medical concerns that arose from their structural MRI scan. As such, any data presented below refers to only those participants who completed the study (13 ASD/12 TD). No participants in either group required a rescan due to excessive movement or loss of attention to the task stimuli.

Behavioural Data {#s3a}
----------------

[Table 1](#pone-0041326-t001){ref-type="table"} displays means for age, IQ and AQ scores for the two groups. T-tests indicated that they did not significantly differ on age, full-scale IQ or any subscale IQ scores, even with the exclusion of the 13th control participant (all *p*-values \>.120).

10.1371/journal.pone.0041326.t001

###### Age, Full-scale and subscale IQ scores for ASD and control participants.

![](pone.0041326.t001){#pone-0041326-t001-1}

                              ASD (*n* = 13)               TD (*n* = 12)           
  --------------- --------------------------------------- --------------- -------- -------
  Age (months)                    181.77                       33.92       188.58   24.83
  Full-Scale IQ                   109.23                       15.15       114.83   12.27
  Verbal IQ                       111.77                       19.11       115.17   13.07
  Non-verbal IQ                   104.00                       13.98       111.92   13.96
  AQ               38.62[a](#nt101){ref-type="table-fn"}       6.16        12.33    6.47

*p*\<.001.

A mixed analysis of variance was used to compare accuracy scores on the faces task between the two groups and across the different emotion categories. Accuracy scores were highest in both groups when identifying happy faces and lowest when identifying fearful and disgust faces, but no significant main effect of group was observed (*F* (1,23) = 1.050, *p* = .316, eta^2^ ~p~ = .044). However, there were clear differences in response times. [Figure 1](#pone-0041326-g001){ref-type="fig"} shows that controls were quicker overall to respond to faces (*F* (1, 23) = 4.503, *p* = .045, eta^2^ ~p~ = .164) but also faster on certain emotion categories (group\*emotion interaction effect: *F* (5,115) = 3.312, *p* = .008, eta^2^ ~p~ = .126). Post-hoc t-tests with a Bonferroni-adjusted alpha-value of *p*\<.01 indicated that controls were specifically faster in identifying disgusted faces (*t* = 2.845, *df* = 23, *p* = .009). Mean group differences approaching significance were also observed for happy faces (*t* = 2.279, *df* = 17.765, *p* = .035) and sad faces (*t* = 2.043, *df* = 23, *p* = .053).

![Response times for identifying specific emotions in ASD (red) and control (green) participants.](pone.0041326.g001){#pone-0041326-g001}

Beamforming {#s3b}
-----------

### Between groups {#s3b1}

Three 200 ms windows were analysed: 50--250 ms, 250--450 ms and 450--650 ms post stimulus onset. Analysis of artefact rejection rates indicated no significant differences between the two groups (*t* = −0.161, *df* = 23, *p* = .874) indicating similar levels of signal-to-noise ratio for ASD and TD participants.

In the gamma-band analyses significant group differences were observed in right occipital areas in each of the time-windows analysed, with TD participants producing significantly greater levels of power than ASD participants. The peak difference (t = 8.506, p\<.001) was observed in a voxel in the inferior division of the right lateral occipital cortex (MNI 36, −86, 2) between 250 and 450 ms (see [figure 2](#pone-0041326-g002){ref-type="fig"}). Significantly greater gamma power in TD participants was evident across the right occipital cortex, extending anterior to occipital-fusiform areas, medially to intracalcarine cortex and posterior to the occipital pole. Although slightly weaker (t = 7.0156) and much less widespread, this effect was also seen in the corresponding area of the left lateral occipital cortex (MNI −34, −86, 2), suggesting a bilateral response. No areas showed significantly greater responses for ASD participants.

![Significant differences in gamma band (30--80\
**Hz) response, 250--450** **ms, between ASD and TD participants.** Red  =  TD \> ASD; Blue  =  ASD \> TD; p\<.001 for all highlighted voxels. Slice shown MNI: −36, −86, 2 (voxel of maximum difference).](pone.0041326.g002){#pone-0041326-g002}

In the lower band analysis (3--30 Hz) TD participants again showed significantly greater power than ASD participants in all three windows, peaking in the 250--450 ms window. A bilateral response was evident across posterior parts of the occipital lobe, with the maximum response evident in the right occipital pole (t = −5.43, p\<.001; MNI: 0, −96, −6).

In summary, the two groups significantly differed in the strength of their gamma and lower-band responses. In gamma the peak difference was observed in right lateral occipital areas. The peak lower-band difference was situated in the right occipital pole.

### Within groups {#s3b2}

Active vs passive contrasts were then run within each group to examine the response to faces in more detail. The significant minima and maxima observed during beamforming are displayed in [tables 2](#pone-0041326-t002){ref-type="table"} (ASD) and 3 (TD). In ASD participants significant responses in the gamma range were only observable in the 250--450 ms window. Compared to the passive window, significant decreases were evident in the left supramarginal gyrus and left precentral gyrus (see [table 2](#pone-0041326-t002){ref-type="table"}). No significantly changing voxels were evident in the gamma range in occipital areas in ASD participants, suggesting that faces failed to drive a statistically distinct visual gamma response in this group.

10.1371/journal.pone.0041326.t002

###### ASD whole-head beamforming.

![](pone.0041326.t002){#pone-0041326-t002-2}

  Band             Window                  x                 y     z    Region[a](#nt103){ref-type="table-fn"}   Max./min. *t*-value
  ------------- ------------- ---------------------------- ----- ----- ---------------------------------------- ---------------------
  Upper          50--250 ms                                                                                     
  (30--80 Hz)                                                                                                   
                               *No sig.voxels observed.*                                                        
                 250--450 ms              −66               −40   34                    L-SMG                           −6.03
                                          −56                0    28                    L-PCG                           −5.97
                                                            --                            --                             --
                                                            --                            --                             --
                                                            --                            --                             --
                 450--650 ms                                                                                    
                               *No sig. voxels observed.*                                                       
  Lower          50--250 ms                                                                                     
  (3--30 Hz)                                                                                                    
                               *No sig. voxels observed.*                                                       
                 250--450 ms               14               −76    8                    R-ICC                           −7.29
                                          −16               −90    8                   L-OP/WM                          −6.95
                                          −16               −86    4                    L-LOC                           −6.29
                                                            --                            --                             --
                                                            --                            --                             --
                 450--650 ms               44               −70   48                    R-LOC                           −8.14
                                           20               −80   −12                   R-OFG                           −8.01
                                           34               −96    8                     R-OP                           −7.60
                                           10               −76   34                   R-CC/PC                          −7.43
                                           14               −86   −34                  R-OP/LOC                         −7.39

The top five significant maxima/minima in each time window are displayed. All reported voxels indicated significant changes from the passive window at *p*\<.05 or below. *X*, *Y* and *Z* reflect MNI co-ordinates. Anatomical labels were based on the Harvard Cortical and Subcortical atlases available in *FSLView* imaging software.

L-  =  left, R-  =  right, CC  =  cuneate cortex, ICC  =  intracalcarine cortex, LOC  =  lateral occipital cortex, OFG  =  occipital-fusiform gyrus, OP  =  occipital pole, PC  =  precuneal cortex, PCG  =  precentral gyrus, SMG  =  supramarginal gyrus, WM  =  white matter.

10.1371/journal.pone.0041326.t003

###### Control whole-head beamforming.

![](pone.0041326.t003){#pone-0041326-t003-3}

  Band             Window                  x                 y      z    Region[a](#nt105){ref-type="table-fn"}   Max./min. *t*-value
  ------------- ------------- ---------------------------- ------ ----- ---------------------------------------- ---------------------
  Upper          50--250 ms                44               −70    −26                   R-LOC                           9.97
  (30--80 Hz)                             −10               −90    −12                    L-LG                           8.74
                                          −46               −66    −26                   L-OFG                           5.58
                                                             --                            --                             --
                                                             --                            --                             --
                 250--450 ms               30               −70    −16                   R-OFG                           12.13
                                           40               −60    −32                   (Stem)                          10.40
                                          −10               −80    −16                  L-LG/OFG                         9.85
                                           20               −106   −2                     R-OP                           7.09
                                                             --                            --                             --
                 450--650 ms              −16               −80    −26                   L-OFG                           8.35
                                          −20               −106   −6                    L-OFG                           7.80
                                           40               −56    −32                   (Stem)                          5.89
                                           44               −80    −32                   (Stem)                          5.81
                                           30               −100   −6                     R-OP                           5.75
  Lower          50--250 ms                                                                                      
  (3--30 Hz)                                                                                                     
                               *No sig. voxels observed.*                                                        
                 250--450 ms               54               −70    −12                   R-LOC                           −8.50
                                          −40               −86    −6                    L-LOC                           −8.03
                                           40               −96     4                     R-OP                           −7.17
                                          −20               −90    24                     L-OP                           −6.16
                                                             --                            --                             --
                 450--650 ms               50               −70    −22                   R-LOC                          −10.97
                                          −20               −70    14                  L-ICC/SCC                         −9.16
                                           40               −96     4                     R-OP                           −8.19
                                          −30               −96    24                     L-OP                           −7.90
                                          −46               −80    −2                    L-LOC                           −7.76

The top five significant maxima/minima in each time window are displayed. All reported voxels indicated significant changes from the passive window at *p*\<.05 or below.

L- = left, R- = right, ICC = intracalcarine cortex, LG = lingual gyrus, LOC = lateral occipital cortex, OFG = occipital-fusiform gyrus, OP = occipital pole, SCC = supracalcarine cortex.

Strong bilateral gamma activation was evident in controls, peaking significantly in right lateral occipital cortex, left lingual gyrus and left occipital-fusiform gyrus in the first 250 ms. Following this, increases in power were also evident in right occipital-fusiform gyrus (250--450 ms) and occipital poles bilaterally (250--650 ms) as shown in [figure 3](#pone-0041326-g003){ref-type="fig"}. No significant decreases in power were evident at any time.

![The gamma band response (30--80 Hz), 250--450\
**ms, in TD (left) and ASD (right) participants.** Red  =  maxima, blue  =  minima. P\<.05 for all highlighted voxels. Slice shown MNI: −16, −56, 8.](pone.0041326.g003){#pone-0041326-g003}

### Lower band analysis (3--30 Hz) {#s3b3}

Activation in the lower band was similar for both groups across the three time windows. No significant changes were evident for either group in the initial 50--250 ms response. In the second time window both groups showed significant reductions in power in occipital pole and lateral occipital areas, which continued up to 650 ms, although the focus of peak responses for each group appeared to differ. As [figure 4](#pone-0041326-g004){ref-type="fig"} shows, between 250--450 ms the response for ASD participants was spread to medial areas such as intracalcarine cortex, while the control response centred specifically on lateral occipital areas.

![The lower band response (3--30 Hz), in TD (left) and ASD (right) participants.\
Red  =  maxima, blue  =  minima p\<.05 for all highlighted voxels. Slice shown MNI: 32, −72, −2.](pone.0041326.g004){#pone-0041326-g004}

### Summary of beamforming {#s3b4}

Large group differences were seen in the gamma band. A strong gamma response was observed in controls in visual areas but was absent in ASD participants (see [figure 3](#pone-0041326-g003){ref-type="fig"}), as suggested by the between-groups response. Although the two groups differed in the lower-band between-groups analysis, the within-group analysis indicates that their lower-band responses were actually fairly similar. Both groups showed significant reductions in power in visual areas, the significant group difference highlighting that controls did this *to a lesser degree* than ASD participants. This suggests that abnormalities in the ASD response in the gamma range were accompanied by potential over-reductions of lower-band power.

Virtual Electrodes and Time-Frequency Analysis {#s3c}
----------------------------------------------

The first virtual electrode was placed in the right lateral occipital cortex (36, −86, 2) where the peak group difference was observed for the gamma-band response. Peak areas were also identified during the within-groups whole-head beamforming. A virtual electrode was seeded in the left occipital pole (−20, −92, 16), and a VE was also placed at a theory-driven site in the right fusiform gyrus (32, −57, −3).

### Right lateral occipital cortex {#s3c1}

[Figure 5](#pone-0041326-g005){ref-type="fig"} displays the evoked (phase locked) and induced (non-phase locked) responses for ASD (top) and TD (bottom) participants when a virtual electrode was placed at this site. Significant evoked responses are evident in both groups in the first 50--100 ms, but after this no significant phase-locked responses were recorded.

![Virtual electrode responses in the right lateral occipital cortex, superior division (R-LOP; 36, −86, 2) for ASD (a) and TD (b) participants.\
Evoked responses are displayed in the upper row of each figure; induced responses are displayed in the lower row. All responses indicate within subjects changes from baseline; changes significant at p\<.05 level are indicated within dotted lines.](pone.0041326.g005){#pone-0041326-g005}

In the induced activity, both groups appear to follow their evoked responses with a period of decreasing lower-band activity (10--30 Hz) from 150 ms onwards. However, while ASD participants also show significant decreases in induced power at higher frequencies (\>30 Hz) from 250 ms onwards, TD participants show significant increases in induced gamma power that are evident in the 50--250 and 250--450 ms windows.

### Left occipital pole {#s3c2}

[Figure 6](#pone-0041326-g006){ref-type="fig"} displays the virtual electrode response for the left occipital pole (L-OP). As in the right LOC site, both groups showed significant evoked responses in the first 50--250 ms but not after. Contrasting responses were observed for induced activity: ASD participants showed a short significant 20--40 Hz response between 50 and 100 ms, and then only reductions in power in the beta range (12--30 Hz). For TD participants beta-band decreases from 150 ms were again observable, but they were accompanied by significant increases in induced gamma activity from 80 ms post-stimulus.

![Virtual electrode responses in the left occipital pole (L-OP; −20, −92, 16) for ASD (a) and TD (b) participants.\
Evoked responses are displayed in the upper row of each figure; induced responses are displayed in the lower row. All responses indicate within subjects changes from baseline; changes significant at p\<.05 level are indicated within dotted lines.](pone.0041326.g006){#pone-0041326-g006}

### Right fusiform gyrus {#s3c3}

Virtual electrode responses in the right fusiform gyrus (R-FG) are displayed for each group in [figure 7](#pone-0041326-g007){ref-type="fig"}. As in the L-OP, significant evoked responses were evident for both groups in the first 50--250 ms, peaking around 100 ms. The ASD response was constrained to 0--40 Hz and peaked around 25--30 Hz, whereas the control response extended to over 100 Hz. Other than a consistent response in the 0--15 Hz range, neither group indicated any other significant changes in evoked power for the remainder of the epoch. For induced responses, significant increases in power across the bandwidth were observed for control participants in the first 50--250 ms, with a clear 80 Hz peak around 160--170 ms. No such response was observed in the ASD group: increases in induced power were observed around 10 Hz for the first 150 ms, but following this significant decreases in power were seen in the beta range and then across the whole of the bandwidth. As in the right LOC and left OP, the ASD induced response was characterised by strong and widespread reduction of gamma oscillations from 150 ms onwards, although in the R-FG this appeared to extend across the bandwidth even earlier than in the L-OP. Whereas decreases in \>30 Hz power were evident from 250 ms onwards in the R-FG, they were only significantly evident in the L-OP from 450 ms post stimulus onset.

![Virtual electrode responses in the right fusiform gyrus (R-FG; 32, −57, −3) for ASD (a) and TD (b) participants.\
Evoked responses are displayed in the upper row of each figure; induced responses are displayed in the lower row. All responses indicate within subjects changes from baseline; changes significant at p\<.05 level are indicated within dotted lines.](pone.0041326.g007){#pone-0041326-g007}

Specific Emotions {#s3d}
-----------------

The responses for specific emotions were highly similar to the whole-head beamforming results for all emotions combined. The ASD response to individual emotions showed a much reduced gamma response: no significant increases in gamma power were observed for any emotion throughout the epoch. Significant *decreases* in gamma power were observed for anger (50--250 ms: −56, −20, 58, left precentral gyrus, *t* = −5.55) disgust, (250--450 ms: 30, 50, 44, right frontal pole, *t* = −5.97; 450--650 ms: −50, −20, 14, central opercular cortex, *t* = −5.40) and sadness (450--650 ms: left lateral occipital cortex, −36, −70, −44, *t* = −5.66). In contrast, significant decreases in lower-band power from 250 ms onwards were observed for all emotions in occipital pole and lateral occipital cortical areas (all voxels significant at *p*\<.05).

In controls, significant increases in gamma-frequency power were observed in visual cortical regions from 50 ms onwards, specifically for areas of the occipital pole (disgust, fear, surprise) lingual gyrus (anger, fear, happiness, sadness, surprise) and lateral occipital cortex (all emotions; all voxels significant at *p*\<.05). From 250 ms, decreases in lower-band power were also seen, centring primarily in the right occipital pole and left lateral occipital cortex (all emotions).

Relation to AQ {#s3e}
--------------

Backwards-method regression analysis was used to assess how autistic behaviours related to the observed differences in gamma activation. As the peak between-group difference in gamma response was evident between 250--450 ms, the dependent variable used in the analysis was the mean t-score for each participant's induced power response during this window, based on the time-frequency plots for virtual electrodes at the i) right LOC, ii) left OP and iii) right FG sites across all participants (ASD and TD combined). AQ, Age & FSIQ scores were included as predictors in the model.

For the right lateral occipital cortex site, a model including AQ only was returned (*R^2^* = .233, *F* (1, 22) = 6.689, *p* = .017). AQ negatively predicted t-scores for the induced gamma response (stan. *β* = −.483,*t* = −2.586, *p* = .017) indicating that higher scores for autistic behaviour were related to weaker induced gamma responses (compared to baseline). Age and IQ made no significant contribution (age: stan. *β* = .117, *t* = 0.606, *p* = .551; FSIQ: stan. *β* = .134, *t* = 0.690, *p* = .498). Very similar models were returned for predictors of the gamma response in the left occipital pole (*R^2^* = .212, *F* (1, 22) = 5.926, *p* = .023) and right fusiform gyrus (*R^2^* = .158, *F* (1, 22) = 4.131, *p* = .054). At both sites AQ was associated with gamma responses (Left OP: stan. *β* = −.461, *t* = −2.434, *p* = .023; Right FG: stan. *β* = −.398, *t* = −2.032, *p* = .054) but age and FSIQ were not (all stan. *β\>*.140, all *t*\<0.700, all *p*\>.490).

For comparison the above analyses were also run for evoked gamma responses from the same window, although the predictive power of AQ was less clear across sites. In the right LOC, AQ predicted evoked responses (stan. *β* = −.410, *t* = −2.109, *p* = .047); in the left OP, evoked responses were predicted by AQ (stan. *β* = −.442, *t* = −2.365, *p* = .028) but also FSIQ (stan. *β* = −.352, *t* = −1.881, *p* = .074); while in the right FG no predictive relationship was observed between AQ and evoked responses (stan. *β* = −.115, *t* = −.533, *p* = .600, n.s.). When induced and evoked responses were directly compared for their ability to predict AQ, t-scores for evoked responses were only marginally retained for the right LOC (stan. *β* = −.316, *t* = −1.723, *p* = .100), whereas induced responses significantly predicted AQ in all three sites (all stan. *Β*\>−.398, all *p*\<.054). That is, the relationship between AQ and induced gamma responses was stronger than that for evoked responses across all the sites studied.

Discussion {#s4}
==========

The main finding of the present study was evidence of specific abnormalities in the induced gamma response of ASD participants to emotional faces. Direct contrasts between the groups indicated that ASD and TD participants differed most significantly in the response of right lateral occipital areas to faces. When within-groups beamforming was used to localise sources of event-related activity in more detail, a strong gamma (30--80 Hz) response was observed in controls in visual areas, but this was absent in ASD participants. Control participants activated areas in the lateral occipital cortex, lingual gyrus and occipital fusiform gyrus throughout the time course in response to faces. In contrast, the only significant changes observed for ASD participants were specific power reductions in the left supramarginal gyrus and left precentral gyrus from 250--450 ms. No differences were seen in the lower frequency band (3--30 Hz).

Time-frequency analysis of the virtual electrodes supported and added to this picture. The initial evoked responses to faces in the right lateral occipital cortex, left occipital pole and right fusiform gyrus were similar for both groups, with increases in power peaking between 50 and 100 ms. The groups diverged, however, after this response. From 150 ms, ASD participants displayed strongly inhibited oscillatory activity in the beta band (12--30 Hz) before displaying decreases in induced power across the gamma range. At the same time, control participants showed increases in the induced gamma response. In the right lateral occipital cortex and fusiform gyrus, this occurred in the earliest time window examined (50--250 ms) but in the left occipital pole area this activity was maintained throughout the time course. So while control participants were increasing and maintaining induced gamma-band activity, ASD participants' gamma response was decreasing. This pattern was evident in both the data-driven and theory-driven virtual electrode sites and it related to scores on the AQ: participants with higher AQ produced weaker induced gamma responses.

The presence of abnormalities in the early visual response to faces in ASD participants is consistent with previous neurophysiological research [@pone.0041326-Dawson1]. Using MEG, Bailey et al [@pone.0041326-Bailey1] reported reduced responses to faces in ASD adults at 145 ms centring on right inferior occipital-temporal cortex, alongside group differences as early as 30--60 ms in right anterior temporal regions (see also [@pone.0041326-Bentin1]). Kylliainen et al [@pone.0041326-VanVeen1] also using MEG, reported differences in the processing of faces and other complex objects (motorbikes) at 100 ms in ASD children matched with typically-developing controls.

What the present study adds to these findings is evidence of irregular modulation of induced gamma-band activity from 150 ms, apparent in both primary visual cortical areas and the right fusiform gyrus, in young people with ASD. The presence of induced gamma abnormalities but intact evoked responses is consistent with the findings of Grice et al [@pone.0041326-Orekhova1] concerning upright and inverted faces and Brown et al [@pone.0041326-Happe1] for Kanisza stimuli, but contrasts with the results of Stroganova et al [@pone.0041326-Rojas2] and previous research on auditory responses in ASD [@pone.0041326-Rojas1], [@pone.0041326-TallonBaudry1], [@pone.0041326-Lord1]. Based on this pattern, it seems likely that problems with gamma functioning vary across visual and auditory modalities in autism.

From a cognitive viewpoint, these findings support the suggestion that ASD individuals may have difficulty processing faces in a holistic way [@pone.0041326-Gross1] and that such differences occur early in the processing stream [@pone.0041326-Batty1]. At this stage it is not clear why these abnormalities occur, but they may underlie the commonly described local bias or weak central coherence in ASD cognitive processing [@pone.0041326-Mottron1], [@pone.0041326-Stroganova1]. The predictive relation between AQ and induced gamma observed here suggests that visual processing abnormalities are related to autistic tendencies and behaviour in a meaningful sense, although it does not show that differences in the response to face stimuli lead to more complex difficulties with social cognition and function. As noted by Behrmann et al [@pone.0041326-Behrmann1], the presence of visual processing differences, independent of problems with social cognition, raises its own set of challenges for understanding autism. This has consequences both clinically and educationally as materials, interventions and services need to be shaped with sensory processing differences in mind [@pone.0041326-Baranek1].

However, caution should be taken in the interpretation of these results for a number of reasons, and these considerations map out questions for future research.

Limitations {#s4a}
-----------

Firstly, the exact role of gamma oscillations in cortical processing is still a matter of considerable debate. Consistent with the hypothesis that distal functional connectivity is impaired in autism [@pone.0041326-Pulvermuller1], [@pone.0041326-Belmonte1], [@pone.0041326-Just1]. Gruber [@pone.0041326-Gruber1] has argued that induced gamma is related to synchronous, long-range cortical activity, while evoked activity is more constrained to the immediate sensory response. However, induced gamma oscillations have also been related to more basic aspects of sensory processing, such as luminance and contrast [@pone.0041326-Adjamian1] and higher cognitive functions, such as attention and memory [@pone.0041326-Herrmann1], [@pone.0041326-Jensen1]. More work is needed on the separate functions of evoked and induced gamma before disruptions in the ASD response can be fully understood.

Second is the issue of clinical specificity. As noted by others [@pone.0041326-Rojas1], [@pone.0041326-TallonBaudry1] gamma abnormalities have been reported in relation to a range of processes in individuals with schizophrenia [@pone.0041326-Williams1] and irregular modulation of gamma oscillations have also been observed in children with ADHD [@pone.0041326-Lenz1] and Williams Syndrome [@pone.0041326-Orekhova1]. Moreover, the generation of induced gamma activity across healthy individuals may vary considerably [@pone.0041326-Muthukumaraswamy2]. This suggests that though gamma abnormalities may be an important avenue for further research in autism, they are unlikely to provide a specific biomarker for autism. Instead, further research may shed light on different characteristics of ASD sensory processing, and how these may be remediated [@pone.0041326-Sokhadze1].

Thirdly, other methodological limitations of the present study need to be considered. When assessing face processing in autism, it is important to control for viewing behaviours; brain activation could be different because, for example, children are looking in a different place [@pone.0041326-Klin1]. We asked participants to look at a fixation cross between trials, we carried out continuous videoing of participants faces throughout scanning, and there were no obvious differences between groups, with participants in both attending intently throughout. Indeed ASD participants followed instructions very closely. Furthermore, the presence of intact evoked responses in ASD participants strongly suggests that participants were still viewing the stimuli throughout the scan. Nevertheless, an important follow-up to this research would be to integrate analysis of the gamma response to faces with eye-tracking methods, to assess areas of facial attention in ASD participants, potential differences in viewing strategies, and how the two relate to local versus global stimulus perception. Atypical viewing behaviours, such as attending more to the mouth rather than eyes when viewing faces, have been reported in ASD individuals and their relatives [@pone.0041326-Adolphs1]--[@pone.0041326-Spezio1] and appear to relate to activation of the fusiform gyrus and the amygdala [@pone.0041326-Dalton1], [@pone.0041326-Dalton2]. A key question to answer would be whether or not induced gamma abnormalities persist even when ASD individuals are encouraged to employ more regular viewing behaviours.

One further issue is that a relatively broad age range was used in the study. The regression analysis did not indicate any significant influence of age on induced gamma responses but follow-up studies could use stricter age banding, now that this feasibility work has shown these techniques can be used across a range of ages.

Future Directions {#s4b}
-----------------

Future studies should include a) comparisons with matched controls from different clinical groups (e.g. specific language impairment, ADHD etc) b) use of eye-tracking to examine differences in visual attention and processing strategies, and how these relate to apparent gamma abnormalities, and c) replication with a more restricted age range or cross-sectional samples. Future work could also explore whether gamma band abnormalities are different when comparing face recognition alone compared to emotion face recognition. Finally, further work comparing gamma responses for faces and other complex visual objects (such as buildings) in ASD participants is necessary to clarify the role and specificity of gamma abnormalities in autism.

Conclusion {#s4c}
----------

The present study piloted the use of beamforming techniques in MEG to examine the responses of children and young people with ASD to emotions on faces. In marked contrast to controls, ASD participants did not produce induced gamma oscillations in the 30--80 Hz range when viewing faces, across all types of emotion. Evoked gamma responses and responses in other bands were largely intact. This is consistent with hypotheses about the role of induced gamma in feature binding and the proposed disruption to such binding in autism, suggesting a possible mechanism for difficulties in face and emotion processing in ASD individuals. However, further work is needed on the specific processing roles of gamma oscillations and the clinical specificity of gamma disruption. A better understanding of specific neuronal dysfunction will ultimately link to the recent advances in developmental research, neuropsychology and brain physiology, leading to a more rounded understanding of autism.
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